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Some presaur4-dietribution and boundaqv-layer measurements were 
made i n  f l i@ in t he  presence of ehock on two modifications pf the 
local contour of the wings of a high"speed alrplase. One contour was 
designed to have m a b m m  curvature a t  32 end 56 percent chord on the 
upper M a c e  and the other t o  have maximam cumatme at 36 percent 
chord on the upper surface. The contours had practica3ly  the same 
cr i t ic& Mach nunbere (0.63 a t  a lift coefficient of 0.18). On the 
contour with the s ing le m a t u r e  peak, shock formed immediately 
behind the peak curvature and moved downstream with Fncreasing &ch 
number. On the other contour, shock f i r s t  formed behind the first  
curvature peak and, a8 it moved downstream with  increasing Mach nmlmr, 
a second shock appeared just behind the second curvature peak. A t  
Mach numbers greater than 0.723 the first shock coalesced with the 
second damstream of the second curvature peak. Reither of the two 
shocks nor the ccanbined shock was so intense  as that on the contour 
with the s i n g l e  peak curvature. As a result, t h e  effects of shock 011 
the boundary layer, which was turbulent i n  the  region of mixed. flow 
on both  contours, were more severe on the contour  -with the  single 
curvature peak at  leaat up t o  a f l igh t  Mach number of 0.73. On 
both  contours  the  displacement t h i c h e s s  and the ehape paremeter 
(ratio of dispIacement ~ c k n e s s  t o  momentum -thic~nese)  increased 
rapidly through shock. Dawnstream of shock the displacement  thick- 
ness  increased at a slower rate  but  the shape parameter  decreased. 
The displacement t h i c h e s s  increased  as  mch  as 350 percent  through 
shock on the contour  with the single peak curvature. A t  t h e  same time 
the shape pasamster  increased t o  about 4.0 behind shock but  decreased 
t o  1.9 farther damstreem.  (Values of the shape parameter of 1.8 
t o  2.6 are u~ually associated with separation or merit separation 
at low speeds. ) m a c e  tuft observations  indicated  separation of 
the turbulent boundary layer behind shock with  reattachment d m  
stream. No flow separation was observed frcan tuft surveys on the 
contour w i t h  the duuble peak curvature at  leas t  up t o  a f l i gh t  Mach 
number of 0.73. 



2 NACA RM No. I&22 

In a recent study of airfoil  contours for the wing-flow method of 
obtaining  data at transonic  speeds some presmreillstribution measure- 
ments and boundaqplayer surveys were made in the presence of shock 
on two modifications of the local  contour of t h e  wings of a hia-speed 
airplane.  Because of t h e  current  interest in t h e  interaction of ahock 
and boundaxy layer, these measurements were extended scrmswhat beyond 
those planned  for t h e  origin&  investigation. 

The data  presented a r e  confined t o  flow with a turbulent  boundary , 

layer  ahead of shock for Reynolds  numbers,  baaed  on mamenturn thfckxmss, 
up  to 10,000. A very detailed w i n d - h e 1  investigation Qf the 
interaction of shock  with  both  laminar  and  turbulent boundary layers 
was reported  in  reference 1 by Ackeret, Feldma.nn, and Rott. The 
Reynnlds number of the  turbulent  boundary layer investigated in 
reference 1 ranged from U.59 to 235. 
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ir Prandtl number 

T temperature, OR 

Subscripts : 

0 free stream 

W wing surface 

s shock 

c r  c r i t i ca l  

The two wing contours  investigated were modifications of t he  
wings of a P+D airplane. The modification  consisted of the  addition 
of a  metal bump t o  the upper &ace between 10 and 75 percent 
chord and between 45 a d  65 percent samiepas. EsEcept i n  the region 
where the bump faired  into  the wfng ~uTf%e, the b u q  had a thickness 
of a t   l e a s t  0.3 inch. %is surface may therefore be considered as  
practically rigfd. A sketch of the a i r fo i l  contours, referred t o  as 
contours A and B, I s  &awn in figure 1 and the ordinates are given 
in   table  I. 
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Static-preseure  meam&n-&s were made along t h e  upper m a c e  
of both  contours  with 22 flush orifices  located between 17 and 
63 percent chord. To--pressure meamamente in t h e  boundary layer 
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were &e with  racks of 8 or ll total-presmre  tubes.  Static  pressure 
in  the boundary layer was measured only at the surface by mans of 
an orifice a t  t he  same chordwise position as the b o u n m - m e r  rack 
but removed spanwlse from it by 2 inches. All the pressures were 
recorded photographically with inEI-tfl using  pressure CLiaphragma. 
The flaw conditione in the boundary laser were also observed in  
sone of the tests by means of t t l f t s  (wool yam) attached t o  the upper 
Burface of each contazr frm about 45 percent chord to   the   t ra i l ing  
edge. The behavior of the t u f t s  was photographically recorded. 

. .- - .  - -The t e s t e  were made-.-, h&.-=sseed dsves, from an alt i tude of 
28,000 feet t o  about ,a, 000.- Teet, -which alrplane Mach  numbere 
frcm 0.53 t o  0.75 wer8-gcttained and during which the measurements 
wem continu-y recorded. For the boundary-layer m e y e  on 
contour A, the  racks were located at 41.9 and 52.0 percent chord, a8 
shown in figure 2, and the measurements were made slmultaseously at 
these  statione. Measur8men- also made with a rack  located only 
at 62.5 percent chord. On contour. B, one rack was used on the 
surface per te& .(fig. 3) and the t es te  were repeated f o r  rack 
positions at ;.45.6= 49.6, 54.4, and 62.3 percent chord. 

. I ..- - . . .. . . - .. 

".. ..., 

. -. 

P r e s m e  distributicm.- Some distrfbutions of local Mach n&er 
oukide the boundaJry layer (% ) along the chor& m e  presented in 
ffgmes 4 md 5 for contours A and B, respectively. The local 

curvature - as dete-ed from measur~ments made with a c m a -  

t-e gage, is also plotted in each of figures 4 and 5. m e  design 
curvature is shown fo r  comparison. 

r/c 

The distribution of % f o r  contour A, a t  subcritical Bpeeds, 
indicated two positions of dnimum pressure, one corresponding t o  
maximwl curvature at 32 percent chord and the other t o  maximum 
curvature at 56 percent chord. The curvature at 32 percent chord 
w m  greater than that a t  56 percent chord. Local velocity of sound 
was first attained at the forward position of maximm c m a t u r e  a t  
an airplane Mach nUmger of 0.635. At hi&er Mach nmbers shock 
formed behind the forward position of maximum curvature and, a8 it 
moved downstream with increasing Mach nmiber in the dive, shock wa8 

followed by an expansion t o  local supersonic flaw and a second  shock 
inmediately behind the rear polsition of madmum curvature.  In 
approaching the second position of minimum pressure  the  indicated 
compression  ahock decreased in  magnitude. A t  free-stream Mach 
nmbers  greater than 0.723, t h e  forward shock nmved damstream of 
the rear position of maximum curvature, joined the rear shock, and 
thereby formed a s i n g l e  shock.  Although the rearward movement of 
shock remlted  principally frcm the increasing Mach  number, there 
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was some effect frm t h e  decreming lift coefficient 

increasing  lift  coefficient 1 shock w e d  upstream. 
- it dur ing the  dive. Ih t he  puu-oUt  condition (hi& 

which accqaded 
Mach number and 

lche distribution  of % op contour B at subcritical qeeds 
indicated mfnFmum peseure at t h e  maxbnm curvature  at 36 percent  chord. 
At. speeds greater tplas critical (Mo = 0.632) shock occurred behind 
the  position of maxhmm curvature and moved  dawnetrean  with  increasing 
W h  number in the dive. In t h e  pullat cond.ition.(high  hkch nunbere 
and increasing lift coefficient) Bhock med upstream and was followed 
by boundary-layer  separation, as is indicated by the large values 
of M& behind  shock.  For corresponding flight oondAtions, the 
compression  shock on this contour  appeared  to be more  intense 
that on contour A. 

Boundaxy--layer surveys.- For  the  conditions  investigated, the 
boundmy layer was turbulent in t h e  region of the surveys on both 

. contours A and B. Sane ty-picd  distributions of Mach rimer through 
the  turbulent boundmy layer are presented in figures 6 to 8 for 
contour A md in figures 9 t o  12 f o r  contour B. The variation wfth 
flight  Mach number M, of  displacement thiolrnese 6*/c,  mamsntUm 
thichess e/c,  MElch number %, and airplane lfft coefficient CL 
as  obtained in the highweed dives asd pull-auts  ie shown in figures 1 3  
and 14. A mumary of the bounm-layer results is presenM in 
figure 15 as a plot of the vwiation with fli&t  MELch m e r  % 
of 6*/c,  e/c,  :/c, H, Re, E, and % for both  contours. 
Although Q/c, 6 /c, and 6/c are presented as miatione with  flight 
Mach  number .these variations are  also af'fected by Lift coefficient 
principally  as  it  affects t he  pressure dfstribution and possibly as 
it affects t h e  position of transition. The value of 6 was determined 
by plotting values of M A  near the edge of the  boundary lapr 
agalnst y on l o e l o g  paper, fairhg'the points with a straight line, 
and then extrapolating  the  straight line to 5 = 1.0. The'evaluation 
of M, 6*, and 8 from t he  total- ana stati "pressure mamre~nente 
is discussed in t h e  appendfx. 

M 

jk two successive rune during the  tests of contour A, t h e  
distribution of Mach  number in t h e  boundary layer, and consequently 6" 
and 8, w e e d  for the m e y  rack  at 41.9 percent  chord but &awed 
considerable  differences for the rack  at 52 percent  chord. The differ 
ences f o r  the rem poeition may be attributable to same form of intex- 
ference of t h e  forward  rack on t h e  flaw at t he  rem rack;  however,  the 
local static  pressure or % did not reflect  this  interference. 

On contour A t h e  increase in displacement thichess through shock 
at 41.9 percent  chord was about 62 percent. The value of Re ahead of 
shock was 5000. The shape parameter H imnediately behind shock was 
in the range of' values usually associated with separatfon, or bminent 
separation at low speeds (reference 2). A t  10.1 and 20.6 percent chord 

I 
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downstream of this shock the boundaxy layer was appreciably  thicker, 
but the value of E had decreased t o  values smewht smaller than 
those ahead of shock., The b o u n w p l a y e r  thickness  8/c showed 
practically no variation through shock. With shock occurring at 
52 percent chord, t h e  increase i n  displacemat  thickness through shock 
was in   the range of 30 t o  50 percent The value of Re ahead of 
shock was 6000 t o  8000. The mailer relative  increase  in displace- 
ment thickness through shock a t  52 percent chord was probably associated 
with the  fact  that the campression fi the boundary layer at 52 percent 
chord due t o  shock (a8 indicated by the magnitude of the  abrupt change 
in in  figs.  4 and 15) w e  about on&aLf the magnitude of the 
compression at 41.9 percent chord. The increase in   the va lue  of H 
through shock was and was fol lared by a slight decrease at least  
up tro 62.5 percent chord. 'phe vaxiation of boundary-layer thickness 6/c 
through shock,  however, was considerable. For the t e s t  with the rack 
a t  62.5 percent chard, the most rearward position of shock was at 
about 57.5 percent chord. For t h i s  condition, M, = 0.79 and CL = 0.125, 
the value of Re ahead of shock WELEI estimated t o  be about 10,000. The 
increase in displacement thickness from ahead of shock  (where thickness 
was estimated) t o  5 percent chord downstream of shock (or 57.5 t o  62.5 p e r  
cent  chord) WELS of the order of 300 percent. The value of H increased 
f r d m  about 1.9 t o  2.8. Flow eurveys made w i t h  surface tufts during t h i s  
t e s t  indicated that the flow was smooth up t o  about 70 percent chord. 
Downstream of this position  there was some unsteadinese in the flow 
(evident as sli&t Wt oscinatione) such as i s  associated with 
thick boundmy layers but no separa,tion of the flow even though a value 
of H as  high as 3.2 at  62.5 percent chord was a t t a a e d  in the pull- 
out. Eo l a te ra l  flow or oross flow was apparent from t h e  tuft surveys. 

On contour B the displacement thickness  increased about 68 percent 
through shock a t  45 . 6 percent chord and 120 percent at 49.6 percent 
chord. The boundary-layer thickness 6/c, h m v e r ,  showed  no 
appreciable  variation f o r  either of these chordw-ise positions. The 
value of Re ahead of shock for these  conditions was 6400 and 7000 
for 45.6 and 49.6 percent chord, respectively. With shock occurring 
sonewbat ahead of 54.4 percent chord t h e  displacement thickness 
increased about 330 percent between 29.6 a d  54.4 percent chord and 
thm decreased about 30 percent between 54.4 and 62.3 percent chord. 
TI23 Reynolds number ahead of ahock f o r  this condition was about 7000. 
The shape pazameter H Inoreased rapidly through shock asd attained 
=lues at least  as high as 4.0. Downstream of' ehock the value of H 
decreased. The value8 of H ulrmally associated w i t h  se aration or  
Imminent separation at low apeeds range worm 1.8 t o  2.6 9 reference 2 1 
The vdues of H in the vicinfty of shock m e  summasized in  the 
fcllarlng table: 
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Shock immediately 
ahead of 

chordwise osition, 

H 

M, 4 x/c 

0.456 0.623 0.544 0.496 

0.678 
.688 

1.66 1.90 2.23 2.05 0.4% 

1.90 4.00 1.88 1.82 -544 o n 3  
1.67 2.10 2.69 1.78 496 

An att€CfIpt was &e in figure 16 t o  correlate the chordwise distribution 
of local Mach nmiber %, the shape yammeter E, and the behavior of 
the " b s .  The behavior of the t u f t s  and the &ues of H are 
indicated f o r  each Mach nuniber distribution curve. For conditione 
where the boundary-layer surveys showed the b0undaz-y l q e r  t o  be 
definitely detached f rom the &am, the shape parameter was not 
evalua.t;ed but is indicated in figure 16 by a s@ol d. Ih the  region 
of dock,  the tufts, In genera, were observedto be 0sCllh.t  
r a i s e d  above the &ace (at  an appreciable m e  in case6 ""3."" 
DaTnstream of this m a o n   t h e  t u f t s  were either lying upstream or  
flipping back  and for th  in the chordwlse direction. &ch a beha"Tor of 
tufts at low speeds 'is usually associated w l t h  separated flow. Still 
farther downstream the tUFts  were lying downstream but  oscillating 
l a t e r a y .  The chordwise extent of local 6spara.t;fon ( t u f t s  uing or  

-fl ipping forward) increased as the fli&t &ch m e r  w a ~  increased 
and also as shock moved forward w€th increasing uft; coefficient. 
Although no specific  values of E c m  be asreigned to the tuft behavior 
noted, the tuft and boundary-layer surveys are In a@eeInent in indicating 
separation  with  reattac-nt. Ip the  region of locd sepasatfon  the 
Ustribution of % (fig. 16) indicated  a  pressure  recovery at  least - 
up t o  62.3 percent chord o r  the most rearward position f o r  the  pressur+ 
distribution measurements. At higher fli&t Mach num3ers sepra t ion  
may be more severe  since t h e  local Mach nuniber distribution in 
figure 5 (Mo = 0.739, 0.732 and C, = 0.15, 0.16, respectively) 
indicated  prac$ically no pressure r e c w e q  beyond shock and up to at 
leas t  62.3 percent chord. 

EPPects on t e s t  airplane.- Althou& contours A and B h ~ d  
tmacticalls the E- c r i t i ca l  Mach number and differed by no more 
&- 

than 0.34 h r c e n t  chord in thiclmese a t  a q y  ch"se stition,  the 
pressure-distribution and bouncbry-lapr characteristics were more 
favorable a t  high speeds on contour A than 011 co-dtaur B. In the high- 
speed dives and pull-outgboundary-lapr separation was Indicated on 
contour B but not on contour A. Furthemre, t h e  upper &ace of 
contour A appeared t o  produce more lift in t h e  pull-outs than the 
upper surface of contour B. These. differences in  flow characteristics 
acting on a m d l  portion of the E- were sufficient to came an 

I 

I 
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unusual  behavior of the  tes t  airplane. In the   tes ts  with  contour A 
on the right wing and contour B on the loft 'wing, the pilot  reported 
that the  airplane had t o  be trimmed t o  counteract left roll at a Mach 
number of about 0.73. This rolling tendency inoreased so much during 
the pull-out that in' Bubsequmt t e s t s  the f l igh t  Mach numbers in   the 
dive were l W t e d   t o  lower values in order t o  retain  sufficient  lateral  
control  during  the  pull-out. The maxhmm normal acceleration  attain- 
able in  the  pull-out was a l so  lower asd the  buffeting more severe than 
for the no& airplane. 

Same pressur4-di~tribution and bounm-layer measurements were 
made in   the  presence of shock on two local contour modifications of 
the w l n g s  of a P+lD airplane. One contour was desimed t o  have 
maximum curvature at 32 and 56 percent chord of' the upper surface and 
the other t o  have c u r m b e  at 36 percent chord on the upper 
Burface. The contours had about the same cr f t ica l  Mach, number (0.63 at  
a lift coefficient of 0.18). On the contour n l th  the single curvature 
peak, shock formsd immediately behind the peak cumature and moved 
downstream with  increasing PlIach number. On the other contour, shock 
first  formed behind the first curvature peak and, as it moved down- 
stream with increasing Mach nwnber, a second  shock a-ppewed Just behind 
the second curvature peak. A t  Mach numbers greater than 0.723 the 
first shock coalesce& with the second  downstream of the second 
curvature peak. Neither of the two shocks nor the combined ahock wa~ 
so intense as that on the contour  with the single peak curvature. As 
a result,  the  effects of shock on the bounbry layer, which wa8 turbulent 
in  the region of mixed f l o w  on both  contours, were more severe on the 
contour with the  single  curvature peak a t   l e a s t  up t o  a f l ight  Mach 
number of 0.73. On both contours the displacement thickness and the 
ahape parameter (ratio of displacement thickness t o  momentum th i chess )  
inxeased  rapidly through 8hock.  Downstream of shock the displacement 
thickness  increased at a slower ra te  but  the ahape parameter decreased. 
The displacement th ichess  increased as much as 350 percent through 
shock on the contour  with the single  peak'curvature. A t  the same 
time the shape parra3neter  increeaeed t o  about 4.0 behind shock but 
decreased t o  1.9 farther downstream. (Values of the shape pmameter 
of 1.8 t o  2.6 m e  usually associated  with separation o r  innninent 
separation a t  low speeds. ) m a c e  tuft o ~ ~ l e r v a t i o n ~  indicated 
separation of the  turbulent boundary layer behind shock w i t h  
reattachment downetream. No flow separation waa observed from tuft 
surveys on the contour w i t h  the double peak curvature at least  up t o  
a fl ight Mach number of 0 -731. 

Langley Aeronautical  Laboratory 
National Advisor$ Committee for Aeronautics 

hng ley  Field, ,Va. 
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where pt ia We free-stream t o t &  pressu3.e measured by a p i to t  tube 

mounted on a boom ahead of t h e  aiYplane wing. In the subsonic flow 
behind shook on the a the uBe of the fre+etream vaLue of t o t a l  
pressure W&E justfffed by t he  boundary-layer meamremente which showed 
that the total pressure hmediately outside the boundarT layer w a ~  wlthin 
1/2 percent  (including exper-td error) of free-stream t o t a l  pressure. 
A normd shock exbending into the boundary layer would have given a 
loss in  total pre.6-e of a8 much a6 3 percent of free-stream t o t a l  
pressure i n  60me cases. 

0 

Ih the bowldary--lqer measurements t h e  static pressure w&s measured 
only at t he  ,surface. Since the static-pressure variation  across the 



of second order under ordinary preseure gradient8 
in t h e  presence of shock (see f i&r. 18 of reference 1 ), 

and p/ps is  assumed to be 1.0. 

The tempemture decrease f r a n t h e  wing BuIcpace to the edge of the 
boundary layer is &own in reference 4 t o  be: 



EACA RM No. &22 

n = -  for turbulent flow 
3 

Theref ore 

- rr, = 1 + O . l € Q  
Ts 

E the distribution of the temperature difference between the 
surface and any point in the boundary layer is assumed to be sinilar 
to the Mach number dilrtributfon in the boundary laye3 then: 
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FROM AN ARBITRARY CEW LINE 
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Figure 1.- Sketch of'section of basic contour, contour A,and contour B. 
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(a) Top view. 

Figure 2.- Arrangement of boundary-layer racks at 41.9 and 52.0 percent chord on Contour A. 





(b) Side view. 

Figure 2.- Concluded. 
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Figure 3.- Boundary-layer rack at 49.6 percent chord on Contour B. 
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Figure 4.- Distribution of Ma, for various values of and CL, 
along upper surface of contour A. Local curvature of the contour 
is also shown. 
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Figure 4. - Concluded. 
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Figure 5.- Distribution of M6 , for various values of M, and CL, 
along upper surface of contour B. Local  curvature of the contour 
is also shown. 
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Figure 5. - Concluded. 
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Figure 6. - Typical distribution of Mach number though the boundary layer on contour A at 

various Mach numbers A&,. 5 = 0.419. 
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m e  7.- Typical distribution of Mach number through the boundary layer on contour A at 

various Mach numbers %. $ = 0.520. 
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(d) M, = 0.mO; % = 0.885; CL 5 0.14. 

Figure 8.- Typical vaziation of Mach number through the boundary 
layer on contour A. = 0.625. X 

I 



(a;) & 0.720; % 0.936; CL 0.10. 
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(k) M, = 0.724; Blr, = 0.831; CL = 0.18. 

Figure 8, - Concluded. 
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Figure 9.- Typical distribution of Mach number through the boundarg layer on. contour B at 

various Mach numbers q. $ = 0.456. 
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Figure 9.- Concluded. - 
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Figure 10.- Typical distribution of Mach number through the boundary layer on contour B at 

various Mach numbrs &. = 0.498. X 
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Figure 10.- Concluded. 
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. 

(d) M, 0.6QO; % 0.807, CL 0.13. 

Figure 11. - Typical distribution of Mach number through the born- 
layer on contour B at various Mach numbers %. : = 0.544. 
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(e) M,, = 0.094; Ma = 0.909; CL = 0.14. 

(f) M, = 0.700; M g  = 0.925; CL 0.13. 

I 

@) M, e 0.713; Me p 1.W; CL = 0.11. 

Figure 11.- Continued. 
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(a) M, = 0.620; % = 0.770; CL - 0.1s. 

I 
I 

I 

Figure 12. - Typical distribution of Mach number through the boundary 
layer on contour B at various Mach numbers &. 5 = 0.623. 
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(1) % = 0.720; M6 = 0.880; CL = 0.11. 
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Figure 12. - Concluded. 



M o  

(a) = 0.419. 

Figure 13.- Variation with Iv$, of 8 e*, Me, and CLo Contour A. ’ 
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(b) c = 0.520. X 

Figure 13.- Continued. 
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(c) = 0.625. 

Figure 13. - Concluded. 
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M, 

(a) $ = 0.456. 

Figure 14.- Variation with Mo of e , e*, M 6, and CL. Contour B. 
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(b) E = 0.496. 
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Figure 14. - Continued. 
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N o  

( c )  z =  0.544. 
c .  
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Figure 14. - Continued. 
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(d) c = 0.623. X 

Figure 14. - Concluded. 
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(a) & - 0.894: CT. - 0.14. ’ (tj . M ,  - 0.710; CT. -0.11. 

(e) M, - 0.733; CL - 0.18. 

Figure 16.- Correlation of local Mach number  distribution,  boundary- 
layer-shape  parameter, and surface tuft behavior.  Values of shape 
parameter at various chordwise positions are labeled on M6-curves. 
Symbol “d” indicates flow is advance stages of separation. Tuft 
behavior is indicated by symbols: , tufts undisturbed; cco” tufts 
oscillating  laterally; cdrr’, tufts inclined to surface and oscillating; 
“f”, tufts lying o r  flippug upstream. Contour B. 
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